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INTRODUCTION
This report describes the results of plate impact experiments which produced stresses up to 90 kilobars (kbars) in Armco 21-6-9 stainless steel. The Armco 21-6-9, whose composition is listed in Table I , is an austenitic stainless steel of face-centered-cubic (fee) crystalline structure. Data at stresses higher than 100 kbars have been reported (l) for Types 30^ and 30UL stainless steels. However, this present study was designed to investigate the response of the Armco stainless steel at lower stresses where the combined elastic-plastic effects are more prominent. The average compressive stress-strain path and the unloading path from a stress-state are determined. Measurements were made of the dynamic fracture strength, i.e., spall strength, of the material.
The results of ultrasonic wave velocities and uniaxial stress compressive tests are also presented.
BACKGROUND (2)
In a review article, Karnes discussed the plate impact configuration for determining the mechanical properties of materials at high strain rates. Plate dimensions are chosen such that all measurements are made while the target plate is in a uniaxial strain state. The total lateral strain is zero, and hence the normal dynamic strain, e, is equal to the volumetric strain, by
where V and p represent specific volume and density, respectively, and the zero subscripts represent initial values.
The stress state is three-dimensional, with the lateral stresses being equal for the case of transverse isotropy. In order to better describe the stress state, the stress-strain (Y, a) behavior from a conventional static (3) uniaxial stress compressive test has been considered. Wood "^ showed that if Y is a function of the plastic compressive strain, e , then for the uniaxial strain state, the stress, CT, in the direction of propagation is of the form a = K e + 2/3 Y(e^) (2) where K is the adiabatic bulk modulus, K e is the spherical or hydrostatic component of the stress, and 2/3 Y(e-^) is the deviatoric component.
For isotropic materials in which the stress-strain path is independent of the rate of loading, the stress, Y at which yielding first occurs in the uniaxial stress compressive test is related to the Hugoniot elastic limit, HEL, in the uniaxial strain state by where v is Poisson's ratio.
If equivalent conditions between the -uniaxial stress and uniaxial strain states are given by eqiial plastic work, and if K is independent of (h) mean pressure, Fowles has shown that the total dynamic strain, e, is related to the quasi-static strain, a, by
Thus one can find the corresponding values of a and e from given values of Y and a simply by the use of Equations (2) and (k).
There is experimental evidence that static data transformed by
Equations (2) and (3) will accurately predict the dynamic response of some real materials. Precipitation hardened 606I-T 6 aluminum, which has (5) aji fee crystalline structure, demonstrates good agreement.
In ^3^0
steel, which has a bee crystalline struetvire, the degree of agreement depends on the material hardness.^ However, experience gained from these limited observations do not indicate that there will be a correlation for the Armco stainless steel between its crystalline structure and/or material hardness and the applicability of static compression data to calculations of its dynamic response.
In the plate impact experiment, the strain is not measured directly.
However, if the free surface velocity-time history can be precisely measured, a complete analysis of the wave propagation problem results in the average stress-strain path which produced the wave shape for the particular thickness of material used. Consider the case where the plates are of the same material but of different thicknesses. Let the two flat plates have free rear surfaces and the velocity of impact be great enough such that the tension in the thicker target plate results in spall.
The tension is produced by the interaction of the rarefaction waves originating at the two free surfaces. In such an experiment, target free surface motion will be affected by the following.
1. The arrival of the elastic compressive portion of the stress wave.
2. The interactions associated with the compressive plastic wave and the reflected elastic rarefaction wave, i.e., the free surface motion is affected simultaneously by both the loading and unloading characteristics of the material.
3. Interactions associated with the arrival of the rarefaction wave from the free back surface of the thin impact plate.
k. The free surface wave interactions which result from the release of tension as a spall surface is created.
EXPERIMENTAL TECHNIQUES
The dynamic response of the Armco stainless steel was measured under uniaxial-strain shock loading conditions. Peak stresses of 20 to 90 kilobars were produced using a gas gun to impact flat projectile plates against flat stainless steel targets. Table II lists some of the details of the eleven experiments conducted using the gas gun.
A general description of the gas gun and the methods used to measure the projectile velocity at impact, the time of impact at the center of the target, and the angle between the projectile and target faces at impact are given in Reference ?• In experiments SS-2 through SS-93 the projectile nose and the target were both Armco stainless steel. The targetto-projectile nose thickness ratio was equal to 2, and both had free rear surfaces. Spall (dynamic tensile fracture) will occur in this type of experiment provided the impact velocity is stifficiently high. Velocity interferometer (Vl) instrumentation, developed by Barker^ , was used to determine the velocity of the target free surface by providing a fringe count proportional to the Doppler Shift of a laser light beam reflected from the surface. The free surface velocity, U(t), at time t is given by
where X is the laser wave length, T is the time required for the light to travel around a delay leg, and N(t) is the number of fringes produced up to time t. The oscillograph record from VI instrumentation for experiment §S-3 and the corresponding target free surface velocity history are shown in Figure 1 .
In experiment SS-10, the particle velocity history of the interface between a stainless steel target and a backing transparent sapphire window material was meas\ired. The sapphire window, which is elastic up to stresses of approximately 100 kbars, has a shock impedance of UU6
This is close to the elastic shock impedance of the stainless steel, and thus almost the entire incident stress wave is transmitted into the window material. This is in contrast to the free surface experiments in which the stress wave was totally reflected as an unloading wave upon reaching the target free surface. Thus, in the window experiment, the compressive and release characteristics are isolated much better than in the free surface experiments since a more direct measurement of the particle velocity, uncomplicated by significant reflections at the interface, is made. Since a correction is required to account for the change in index of refraction with stress in the window material, the velocity of the interface is "(*) = 2T(I \ Af/fo) "(*) (6) where Af/fo is the fractional change in fringe frequency resulting from the change in index of refraction, and has a value of approximately 0.78 (9) for sapphire. The oscillograph record and corresponding interface particle velocity-time profile for experiment SS-10 are shown in Figure 2 .
It is evident from the velocity profiles in Figures lb and 2b that the stainless steel supports a structured wave consisting of an Initial elastic precursor followed by a plastic wave. The Hugoniot elastic limit (HEL) is the amplitude of the elastic precursor. In order to obtain a very accTirate measurement of the HEL, an additional experiment, SS-13j using quartz gage instrumentation^ , was performed. A i+3^0 Re 3h steel projectile nose was impacted against a stainless steel target. The stress pulse generated by the Impact propagated through the stainless steel target and interacted with an x-cut quartz crystal mounted on the rear surface of the target. The output current of the quartz gage was measured across a termination resistor and recorded. Using the data reduction method described in Reference 11, a HEL of approximately 8.3 kbars was calculated.
DISCUSSION OF EKPERIMENTAL RESULTS
In this section, the Armco 21-6-9 stainless steel data and previously reported data on Type 30^ stainless steel are used to develop and verify:
(l) the compressive stress-strain path, (2) the subsequent unloading from a stress state, and (3) the spallation strength of the Armco stainless steel
As discussed previously, once the velocity-time history is measured precisely, complete solutions of the wave propagation problem, assuming a specific form of the elastic-plastic constitutive relations, can be used to find the average stress-strain path which produced that wave shape. The calculation of the complete stress-strain paths of the Armco stainless steel follows the method of Barker, Lundergan, and
Herrmann, It is assumed that a continuous stress profile can be approximated by a series of small stress steps, and that the Hugoniot jump equations apply for each stress step. Each stress jump is assumed to propagate at a constant velocity appropriate for that stress level, i.e., the material is assumed not to be strain rate dependent. The stressstrain path in loading is then estimated using these assumptions and neglecting wave interactions near free surfaces. The estimated stress-strain path is used to solve the wave propagation problem numerically. Because of the approximations used in arriving at the estimated stress-strain path, adjustments may be necessary to determine the most satisfactory stressstrain relation. The stress-strain path is varied until the computed and measured free surface velocity histories reach the desired agreement.
Compressive Stress-Strain Path (13) Elastic Deformation --It is evident from linear elasticity theory^ that the elastic compressive stress-strain path is given by
where K and |i, are the adiabatic bulk and shear moduli, respectively.
The initial slope of the elastic stress-strain path, K + k/3 \x, is related to the velocity of the elastic precursor, U , by
The initial density p =7.83 g/cc and the measured elastic wave velocity U" = 5.80 mm/pisec (average of several experimental values) resulted in E an initial elastic slope of 263O kbars.
Plastic Deformation -The plastic contribution to the compressive stress-strain path is defined by Equation (2) . In order to evaluate the spherical component of the stress, K e, for the Armco stainless steel, several assumptions were necessary. It was assumed that K e could be represented by a shock hydrostat^ '' of the form reported for Type 30U stainless steel.^ The data for the Type 30^1 material were measured at high pressures and are suitably represented, as are many other materials^ ' , by a linear shock velocity, U , particle velocity, s U , relation at these high stresses so that the shock hydrostat is the Hugoniot and take the form'^''
where C is the zero stress intercept and s is the slope of the U , U curve. In defining the shock hydrostat of the Armco stainless steel, the value of s was taken from the Type 30^ data and C was calculated from ultrasonic measurements on the Armco stainless steel using
where C, and C are the ultrasonic longitudinal and shear wave velocities , respectively (Table III) . Since the dynamically determined C is 1.1 percent greater than the ultrasonlcally determined C for the Type 30k (see Table III ), the ultrasonlcally determined C of the Armco stainless steel was increased by the same percentage. Thus the values of C = U.5 mm/^isec and s = 1.5 were used in Equation (9) to define the spherical component of the stress, K e, for the Armco stainless steel.
The validity of this approach is based on the fact that Type 30U
is an austenitic stainless whose composition differs very little from that of the Armco 21-6-9 stainless steel (Table l) .
For a rate-independent material, the data from conventional uniaxial stress compression tests might be used to evaluate the second term on the right-hand side of Equation (2), which is the deviatoric component of stress, 2/3 Y(e ). This is not the case for the Armco stainless steel.
The stress, Yo, at which yielding began in the uniaxial stress tests In view of the lack of agreement between yield points, free surface velocity histories of several of the experiments were used as a guide to obtain the yield function in compression, Y (e ). The approximate compressive stress-strain curves, as determined from the free surface velocity histories, were transformed to the uniaxial stress state using Equations (2) and (k). The elastic component of strain was subtracted from the 6 data (Young's modiiLus was taken to be 28 x 10 psi). The resulting curves of the yield stress as a function of plastic compressive strain, e , are shown in Figure k . All the curves do not superimpose and they all bend toward the hydrostat at the peak stresses; these facts indicate that Armco stainless steel is strain-rate dependent.
Computer Fits of Elastic-Plastic Deformations -Assuming the calculated shock hydrostat to be correct, adjustments were made in Y(e ) until the entire wave propagation problem solution from the SWAP-7 computer code^ ' matched the experimental curves to a close approximation.
Initially, two simple forms of the yield or work hardening function were tried. First, Y(e ) was set to be a constant, i.e., the material was assumed to have an elastic-perfectly plastic response. Second, Y(e ) was set to increase linearly with plastic strain, i.e., the material was assumed to have an elastic-linear hardening response. Neither of these were adequate, i.e., the computed curves did not match the details of the experimental curves to the degree desired. varies with experimental conditions can also be attributed to using a rate-independent yield function to describe a rate-dependent material.
Unloading Stress-Strain Path
The experimentally measured free surface motion is not only affected by the compressive stress-strain path, but also by the unloading path as the material unloads from a stress state. It was assxmied for the computer calculations that the Armco stainless steel unloaded elastlcally to the shock hydrostat defined by Equation (9) and then under-+ In the SWAP-7 calculations, the Poisson's ratio was asstmied to be a constant v = 0.287 for all stress levels. The validity of using a constant v independent of stress level is discussed in Appendix A.
went reverse yielding. The reverse yielding, i.e., tensile yield, was assumed to be a function of plastic tensile strain, efj and to be of the form Y(eP) = A 1 -exp(B ep (11) The form of Equation (ll) In this study on the Annco stainless steel, the objectives were to bracket the spall strength and to determine whether the spall is time dependent.
The magnitude of the tensile stress a , causing fracture was approxi-(21) mated from
where p is the initial density of the stainless steel, U is the elastic wave velocity, and AU is the total change in free surface velocity X s between its maximum value and its reversal point. In this study, the velocity interferometer data indicated the creation of a spall surface;
either by a reversal in the direction of the free surface velocity during the unloading portion of the profile (Figure l) or by a complete loss of signal from the photomultiplier tubes. The signal loss occurred on the higher velocity experiments in which the surface reflectivity was destroyed by the wave from the spall plane. Equation (l2) considers the material tmloading to be elastic. It was felt that this assumption, for these calculations, would be adequate for the piirpose of bracketing the Armco spall strength and determining significant time dependence. Table IV lists some of the parameters of five experiments and the spall stress as calculated from Equation (l2). These results Indicate that the spall strength of the Armco 21-6-9 stainless steel is bracketed between 35 and kO kbars. Since the variation in a" is small, the Armco stainless steel probably does not have significant time-dependent spall characteristics in the stress range investigated.
The free surface velocity history from experiment SS-3 has a well defined reversal point. Computer calculations of this experiment using the stress-strain path discussed earlier and spall strengths of 35? 37, and kO kbars are shown in Figure 10 . The range of 35 to kO kbars for the spall strength brackets the reversal point.
CONCLUSIONS
The experimental and calculational results presented in this paper siiggest the following conclusions.
1. The experimentally observed Hugoniot elastic limit and dynamic work-hardening of the Armco 21-6-9 stainless steel do not agree with its static yield and work-hardening properties.
2. Neither the elastic-perfectly plastic nor the elasticlinearly plastic stress-strain models describe the compressive loading response of the Armco stainless steel.
An empirical work-hardening function, i.e. , variation of the yield stress with plastic strain, was used to describe the material response.
3. Strain-rate effects in the Armco stainless steel are responsible for the fact that a single rate-independent stressstrain curve does not describe equally well the material response at different stress levels. Perhaps these rate effects are also partially responsible for the spreading out of the release wave shapes. However, this smearing can be accounted for by using a rate-independent theory which includes a Baushinger effect. .05- 
